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The eﬀect of diﬀerent pretreatment methods, temperature, and enzyme concentration on ethanol production from 8 lignocellu-
losic agrowaste by simultaneous sacchariﬁcation and fermentation (SSF) using recombinant cellulase and Saccharomyces cerevisiae
were studied. Recombinant cellulase was isolated from E. coli BL21 cells transformed with CtLic26A-Cel5-CBM11 full-length gene
from Clostridium thermocellum and produced in both batch and fed-batch processes. The maximum cell OD and speciﬁc activity
in batch mode were 1.6 and 1.91U/mg, respectively, whereas in the fed-batch mode, maximum cell OD and speciﬁc activity
were 3.8 and 3.5U/mg, respectively, displaying a 2-fold increase. Eight substrates, Syzygium cumini (jamun), Azadirachta indica
(neem), Saracens indica (asoka), bambusa dendrocalmus (bamboo), Populas nigra (poplar), Achnatherum hymenoides (wild grass),
Eucalyptus marginata (eucalyptus), and Mangifera indica (mango), were subjected to SSF. Of three pretreatments, acid, alkali, and
steam explosion, acid pretreatment Syzygium cumini (Jamun) at 30◦C gave maximum ethanol yield of 1.42g/L.
1.Introduction
The depleting fossil fuel resources has forced mankind to
depend on the renewable energy sources, and bioethanol is
one of them. Ethanol is used as a fuel, as it oﬀers many
advantages such as it has lower thermal energy content
(about 45% less per gallon than diesel), low price, and
with comparatively less emissions than gasoline or diesel.
Ethanol has a high octane number (99) than petrol (80–
100) as a result of which preignition does not occur
when ethanol is used. Hence, ethanol is used widely as a
competitive fuel additive with gasoline and rarely in pure
form [1, 2]. Currently, biofuels such as bioethanol, biodiesel,
biohydrogen, and methane from lignocellulosic biomass are
produced from agrowastes rather than from energy crops,
as they compete with food crops. The agricultural wastes
are abundant and have disposal problem. An alternative
is to utilize the lignocellulosic biomass so that the com-
petition between food and fuel can be minimized [3].
Lignocellulosic biomass in the form of plant materials such
as grass, wood, and crop residues oﬀers the possibility of
a renewable and relatively greenhouse-gas favoring source
of sugars that can be converted to ethanol. The potential
for using lignocellulosic materials in bioethanol production
is well recognized. However, hydrolyzing lignocelluloses to
fermentable reducing sugars is still a challenge, because it
has a strong crystalline structure and is usually surrounded
by lignin, which reduces accessibility to hydrolytic enzyme
[4]. The pretreatment of lignocellulosic biomass results
in substantial breakdown of the lignocellulosic structure,
hydrolysis of the hemicellulosic fraction, depolymerization
of the lignin components, and deﬁbration. Diﬀerent types
of pretreatment methods are used such as acid, alkali, steam
explosion, and ozonolysis [5]. The accessibility of cellulose
componentstotheenzymescanbegreatlyenhancedbyusing
an eﬀective pretreatment strategy [6].
Ethanol produced from lignocellulosic biomass using
separate hydrolysis and fermentation had problems as the
higherconcentrationofreducingsugarsinhibitedthegrowth
of yeast [7]. Moreover, two fermentors were required, one
for hydrolysis and the other for fermentation; therefore, the
process was not cost eﬀective [7]. The solution to above
problems was provided by simultaneous sacchariﬁcation and
fermentation (SSF) in which reducing sugars formed by2 Enzyme Research
hydrolysisaresimultaneouslyconvertedintoethanolbyyeast
fermentation [7]. But the problem with SSF is the optimum
temperature, since for enzyme hydrolysis, optimum temper-
ature is 50◦C and for fermentation by yeast is 30◦C, so com-
promised condition has to be taken for ethanol production
by SSF. Extensive work has been done on ethanol production
by SSF from lignocellulosic waste (LCW), such as forestry
wastes, bagasse, corn stalk and cobs, wheat straw, grasses,
and rice straw, using cellulase from natural and commercial
sources[7–9],butthereisnoliteratureavailableontheuseof
recombinant cellulases for enzyme hydrolysis during saccha-
riﬁcation. Jamun, eucalyptus, neem, mango, asoka, bamboo,
wild grass, and poplar are among the most common crops
found in north India. Also, no literature is available on the
use of above-mentioned substrates for ethanol production.
Due to their abundance, there is a great deal of interest in
utilizing LCW for production and recovery of many value-
a d d e dp r o d u c t ss u c ha se t h a n o l[ 8–10]. Besides the type
of pretreatment method, other parameters such as enzyme
activity and enzyme concentration, temperature, and pH
aﬀect the ethanol yield from the biomass. The present study
aims at increasing the enzymatic activity of recombinant
cellulase by using fed-batch strategy and increasing the
ethanol yield by applying best pretreatment strategy and
optimizing the enzyme concentration and temperature for
SSF using S. cerevisiae.
2.MaterialsandMethods
2.1. Chemicals and Reagents. Carboxy methyl cellulose was
purchased from Sigma Aldrich, USA. Sodium acetate, acetic
acid, ampicillin, components of LB and GYE medium, and
otherreagentswerepurchasedfromHiMediaPvt.Ltd.,India.
2.2. Microorganisms and Medium. Saccahromyces cereviseae
usedfortheproductionofethanolbySSFwasprocuredfrom
Microbial Type Culture Collection (MTCC), Chandigarh,
India. It was maintained in agar slants by storing at 4◦Ca n d
wasinoculatedinGYEmediumwhichwassterilizedbyauto-
claving at 121◦C for 20min and was then incubated at 30◦C,
120rpm. 1mL of actively growing culture was transferred
to 100mL of culture medium. Recombinant E. coli BL21
cells transformed with plasmid containing CtLic26A-Cel5-
CBM11 gene from Clostridium thermocellum inserted in an
expression vector pET21a was used as a source for cellulase
enzyme and was developed and maintained by the group
[11]. The cells were maintained as glycerol stock at −80◦C.
200μL of the glycerol stock was transferred to 5mL of LB
medium containing 100μg/mL ampicillin and incubated at
37◦C, 180rpm for 16h. 1mL of this culture was inoculated
to 100mL of LB medium containing 100μg/mL ampicillin
and incubated at 37◦C, 180rpm for 12h.
2.3. Processing of Agrowaste Substrates. Eight diﬀerent sub-
strates were subjected to SSF study each having diﬀerent cel-
lulosic, hemicellulosic, and lignin content, namely, Syzygium
cumini (jamun), Azadirachta indica (neem), Saracens indica
(asoka), Bambusa dendrocalmus (bamboo), Populas nigra
(poplar), Achnatherum hymenoides (wild grass), Eucalyptus
marginata (eucalyptus), and Mangifera indica (mango).
Leaves of jamun, mango, neem, eucalyptus, poplar, asoka,
wild grass, and bamboo were supplied by Science, and
Technology Entrepreneur’s Park (STEP), Thaper University,
Patiala, Punjab, India. Prior to pretreatment, the dry agro
biomass was washed three times with water in order to
remove unwanted dust particles and then air-dried at room
temperature. The dry biomass was then grinded in a grinder
and sieved to a mesh size of 1mm.
2.4. Recombinant Cellulase Production by Batch and Fed-
Batch Process. For batch mode process, the E. coli BL-21 cells
containing the recombinant cellulase were grown in 500 mL
ﬂask containing 250mL of LB medium having 100μg/mL
ampicillin [11]. The dynamic proﬁle of enzyme activity and
growth was monitored by collecting sample at every 1h.
For induction of cellulase expression, IPTG (1mM ﬁnal
concentration) was added to the broth when the cell OD
at 600nm reached 0.6. In order to enhance the enzymatic
activity, the cells were grown in fed-batch mode. In the fed-
batch strategy, the initial step remained the same as that for
batch mode, and 245mL of medium was withdrawn when
the cells reached late log phase or early stationary phase. This
cell mass from 245mL were removed by centrifugation and
processed for the isolation of crude enzyme, and the same
volume of fresh medium was added and further incubated
till stationary phase was reached. The same procedure was
followed in consecutive four batches, where induced cells
were used as inoculum. Fed-batch cultivation mode was
used in order to produce maximum amount of cellulase and
growth of recombinant E. coli. The enzyme was isolated by
sonication of cells from both batch and fed-batch strategies.
2.5. Pretreatment of Substrates. The physically pretreated
substrates were further subjected to pretreatment by steam
explosion, alkali pretreatment, and acid pretreatment.
2.5.1. Steam Explosion. Steam explosion of raw material was
carried out at ﬂask level. 1g of raw material was taken in the
100mL ﬂask, and then, each of the powdered substrate was
subjected to sudden steam depressurization in an autoclave
(15 psi, 15min, and 121◦C) by fully opening the steam
exhaust valve with the objective of obtaining the maximum
quantity of fermentable sugars using least pretreatment time
[12].
2.5.2. Alkali Pretreatment. Each of the powdered substrates
was assessed using the combined treatment with dilute alkali
and autoclaving technique. 1g of each substrate in 20mL of
0.5M NaOH solution was autoclaved at 115◦Cf o r1 0 m i n
[13]. After cooling, the residues were washed with sodium
acetate buﬀer (0.02M, pH 4.3) and distilled water, subse-
quently, followed by centrifugation (10,000g, 10min) till the
pHbecameneutral.Theresiduesaredriedinanovenat70◦C
for 24h.
2.5.3. Acid Pretreatment. Each of the powdered substrates
was assessed using the combined treatment of acid, alkali
and, autoclaving techniques. 1g of each substrate in 10mLEnzyme Research 3
of 1% H2SO4 [14] was autoclaved at 121◦Cf o r1 5m i nA f t e r
cooling, the supernatant was decanted, and the residues
were washed with 1% NaOH and then with distilled water,
alternatively, by ﬁrst vortexing and then centrifugation at
10,000g for 10min till the pH become neutral, then the
r e s i d u e sw e r ed r i e di na no v e na t7 0 ◦Cf o r2 4h .
2.6. Simultaneous Sacchariﬁcation and Fermentation (SSF).
SSF experiments were carried out in 250mL Erlenmeyer
ﬂasks, each containing 100mL of fermentation medium in
0.02M sodium acetate buﬀe r( p H4 . 3 )a t3 0 ◦Co nar o t a r y
incubator shaker at 120rpm for 72h and at 1% (w/v) pre-
treated material concentration. The fermentation medium
contained 1g/L yeast extract, 1g/L peptone at 4.5 pH.
The production medium was supplemented with 1.0mL of
the recombinant cellulase obtained from E.coli in order to
hydrolyzethesubstrate.Flaskswereinoculatedwith1%(v/v)
S. cerevisiae culture obtained by growing the organism on
a rotary shaker at 120rpm for 48h at 30◦Ci nG Y Em e d i u m .
The samples were taken every 6h and analyzed for enzyme
activity, protein concentration, cell growth, glucose, and
ethanol production.
2.7. Eﬀect of Operational Parameters on SSF. The eﬀect of
temperature on ethanol production by simultaneous saccha-
riﬁcation and fermentation process using S. cerevisiae was
carried out by varying the temperature between 30◦C–40◦C.
The eﬀect of enzyme with 1mL, 2mL, and 5mL having con-
centration (0.55mg/mL) and speciﬁc activity of 0.52U/mg
on ethanol production was also investigated.
2.8. Analytical Methods. The enzyme assay was carried out
by incubating the enzyme with substrate for 10min at 50◦C.
The reaction mixture (100μL) contained 10μLo fs u p e r -
natant containing enzyme and 1% ﬁnal carboxymethyl
cellulose(CMC)in0.02Msodiumacetatebuﬀer,pH4.3.The
100μL reaction mixture was then analyzed for the release
of reducing sugar using the Nelson and Somogyi, method
[15, 16]. Glucose was used as standard. Protein content was
determined using 10μL of enzyme and 90μL of distilled
water. To the 100μL of mixture 1mL Bradford reagent was
added. The reaction mixture was incubated at room temper-
aturefor20minandthenanalyzedspectrophotometricallyat
595nm [17]. BSA was used as standard. Ethanol content was
estimated by using 1mL cell-free supernatant to which 9mL
distilled water and 1mL dichromate was added and heated
for10mininboilingwaterbath.Duringheating,ethanolwas
converted to acid on reaction with dichromate and resulted
incolourchangefromorangetogreenwhichcanbeanalysed
spectrophotometrically at 600nm [18]. Ethanol was used as
standard.
3. Results andDiscussion
3.1. Production and Enhancement of Recombinant Cellulase
from E. Coli. The maximum OD, enzyme activity, and spe-
ciﬁc activity obtained in batch mode were 1.62, 0.136U/mL,
and 1.91U/mg, respectively, as shown in Figure 1(a). In the
fed-batchmode,maximumOD,enzymeactivity,andspeciﬁc
activity obtained was 3.78, 0.301U/mL, and 3.52U/mg,
respectively, as shown in Figure 1(b). Thus, the fed-batch
cultivation of E. coli containing recombinant enzyme dis-
playedtwo-foldincreaseinbiomassproductivity,theenzyme
activity, and speciﬁc activity in comparison to a batch
cultivation process. During fed-batch mode, already induced
cells were used as inoculum for the consecutive batches due
to which more protein expression was observed and due to
furtherinductionbytheadditionofIPTGmorerecombinant
enzyme was produced.
3.2.EthanolProductionbySSFfromSubstratesUsingDiﬀerent
Pretreatment. The solid residues of various substrates were
subjected to SSF process by S. cerevisiae at a temperature of
30◦C and 1.0% substrate concentration after pretreatment.
The pretreated substrates were hydrolyzed enzymatically by
recombinant cellulase isolated from recombinantE.coli cells.
All pretreatments were eﬃcient for deligniﬁcation of the
lignocellulosic biomass. The eﬀect of diﬀerent pretreatments
on ethanol production is shown in Table 1. In all cases of
substrates, low-reducing sugar contents were obtained with
good yeast fermentation performance. Depending on the
amount of ethanol produced, acid pretreatment was found
tobethebestofallpretreatmentmethodscarriedout.Recent
studieshaveshownthatwhenacidsarecombinedwithalkali,
they play more eﬀective role in LCW pretreatment than acids
or alkalis alone [19]. Using steam explosion as pretreatment,
maximum ethanol was produced in case of eucalyptus
(0.53g/L) with a yield coeﬃcient of 0.053 followed by jamun
(0.46g/L ethanol) and yield coeﬃcient of 0.046 (Table 1).
Using alkali pretreatment method maximum ethanol was
obtained in case of bamboo (0.83g/L) with a yield coeﬃcient
of 0.083 followed by wild grass (0.77g/L ethanol) and
yield coeﬃcient of 0.077 (Table 1). Using acid method as
a pretreatment strategy, maximum ethanol was obtained in
case of jamun (1.22g/L) with a yield coeﬃcient of 0.122
followed by wild Grass (0.78g/L) with a yield coeﬃcient of
0.078 as shown in Table 1. Hence, acid pretreatment gave
best results of the three diﬀerent pretreatments carried out,
as in case of acid pretreatment both acid and alkali are used,
which resulted in higher deligniﬁcation of the substrates. By
acid pre-treatment, the structure of substrate becomes less
complex, and it becomes more accessible to the enzyme, and
hence, more reducing sugars are released. These sugars are
then converted to ethanol by yeast, the fermenting organism.
The ethanol concentration of 21g/L was obtained using
commercial cellulolytic enzyme and 10% (w/v) substrate
(sunﬂower stalks), that is, 2.1g/L ethanol concentration
with 1% substrate [20]. Kinnow waste and banana peels
were used as substrates in the ratio of 6: 4, and total 25 g
biomass was obtained 26.84g/L ethanol, that is, 1.074g/L
ethanol by using 1 g of biomass [12]. Using baggase as
substrate the ethanol yield of 0.13–0.18 [21] and 0.116
[22] were obtained which are comparable to our ﬁndings.
The ethanol concentration of 22g/L was obtained using
coculture of Clostridium thermosaccharolyticum HG8 and
Thermoanaerobacter ethanolicus ATCC 31937 with 100g/L
banana waste as substrate, that is, 2.2g/L of ethanol from 1%
of substrate [14]. All these results are comparable with our4 Enzyme Research
Table 1: Eﬀect of diﬀerent pretreatment methods on ethanol production by SSF.
Substrates
Steam explosion Alkali pretreatment Acid pretreatment
Cell OD Ethanol
(g/L)
Yield
(P/S) Cell OD Ethanol
(g/L) Yield (P/S) CellOD Ethanol
(g/L)
Yield
(P/S)
Saracens indica
(Asoka) 0.936 0.402 0.040 1.357 0.661 0.066 1.343 0.670 0.067
Achnatherum
hymenoides
(Wild grass)
0.606 0.245 0.024 1.362 0.770 0.077 1.283 0.780 0.078
Mangifera
indica
(Mango)
0.859 0.241 0.024 1.369 0.658 0.066 1.32 0.612 0.061
Syzygium
cumini
(Jamun)
0.719 0.461 0.046 1.376 0.727 0.073 1.316 1.216 0.122
Azadirachta
indica (Neem) 0.595 0.292 0.029 1.382 0.608 0.061 1.29 0.705 0.071
Populas nigra
(Poplar) 0.880 0.323 0.033 1.369 0.665 0.067 1.32 0.590 0.059
Eucalyptus
marginata
(Eucalyptus)
0.726 0.535 0.054 1.339 0.624 0.062 1.28 0.760 0.076
Bambusa
dendrocalmus
(Bamboo)
0.909 0.263 0.026 1.376 0.834 0.083 1.286 0.554 0.055
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Figure 1: Dynamic proﬁle of cell growth, enzyme activity, and speciﬁc activity with time in (a) batch experiment (b) fed-batch experiment.
ﬁndings though we are using recombinant enzyme which is
cost eﬀective as compared to above mentioned methods.
3.3. Eﬀect of Temperature and Enzyme Concentration on
Ethanol Production by SSF. Since acid pretreatment gave the
best results out of three pretreatments, so for temperature
optimization using acid pretreatment was done for SSF. Four
substrates, jamun, bamboo, eucalyptus, and wild grass, were
selected for optimization, since these gave better results over
as compared to other substrates. The eﬀect of temperature
on ethanol production by simultaneous sacchariﬁcation and
fermentation using S. cerevisiae w a ss t u d i e da tt e m p e r a t u r e s
30◦C, 35◦Ca n d4 0 ◦C. Maximum ethanol was obtained with
Syzygium cumini (Jamun) as a substrate at 30◦C( Figure 2).
Using jamun as a substrate ethanol obtained at 30◦C, 35◦C,
and 40◦C was 1.2g/L, 0.46g/L and 0.41g/L, respectively.
However, at temperatures higher than 30◦C showed a fall
in ethanol production which is consistent with the ﬁndings
of El-Refai et al. [23] who reported maximum ethanol
productivity from beet molasses by S. cerevisiae Y-7. The
temperature, 30◦C has been also reported as optimum
for maximum ethanol production using starch employingEnzyme Research 5
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Figure 2:EﬀectoftemperatureonethanolproductionbySSF,using
diﬀerent lignocellulosic biomass using acid pretreatment.
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Figure 3: Ethanol production by SSF using optimized parameters
using Syzygium cumini (Jamun) as a substrate.
coculture of amylolytic yeast and S. cerevisiae [24]. These
observations are consistent with ﬁndings of other authors
[25, 26]. The future experiments were conducted at incu-
bation temperature of 30◦C. The eﬀect of crude cellulase
1mL, 2mL, and 5mL (0.53U/mg, 0.55mg protein/mL) on
ethanol production was investigated. Using jamun, ethanol
obtained at 1 mL, 2 mL, and 5 mL enzyme concentration
was 1.26g/L, 1.27g/L, and 1.43g/L, respectively, showing
no signiﬁcant eﬀect of enzyme concentration on ethanol
production (Figure 3). The enzymatic hydrolysis of the
solid fraction has large control over total rate of ethanol
production in SSF [27, 28]. Studies in which the enzyme
loading has been varied showed strong positive correlation
between enzyme loading and the overall ethanol yield [29,
30].
3.4. Eﬀect of Cell Growth on Ethanol Production. S. cerevisiae
stays in the lag phase during the initial 12 to 16h from
inoculation due to the unavailability of utilizable sugars in
the medium. Hydrolysis of the complex cellulose takes place
during the initial 18h in which the organism lies in the
lag phase of growth. Cellobiose is the direct product of
the cellulose activity which is an inhibitor of the enzyme.
Kovacs et al. [31] report the need to supplement com-
mercial cellulases used in SSF process with β-glucosidase
and also observed the accumulation of cellobiose nearly to
10gL−1during the ﬁrst 10 h of fermentation, when using
the bakery S. cerevisiae strain for bioethanol production
in SSF process with sugarcane bagasse, and had to add
additional β-glucosidase in their experiments to reduce the
cellobiose concentration. For next 24h, S.cerevisiae enters
the log phase utilizing the consumable sugars derived from
cellulose, which, in turn, increased the percentage of ethanol
produced during fermentation. Ethanol production reaches
the maximum during the stationary phase of the organism.
Maximum amount of reducing sugar was obtained in the lag
phase and then in the stationary phase which was utilized
for the growth and maintenance of the microorganism,
respectively. SSF proﬁle of jamun using acid pretreatment at
30◦C is shown in Figure 3.
4. Conclusion
The use of recombinant cellulase for bioethanol production
is a strategy to reduce the enzyme cost. The in vitro cellulase
production and activity can be enhanced using the fed-batch
mode. This study could establish that the agricultural wastes
which have considerable disposal problem can be used for
ethanol production through the process of simultaneous
sacchariﬁcation and fermentation. Thus, the present study
opens new possibilities of exploiting leafy litter commercially
for industrial applications. There is certainly the scope of
enhancing the ethanol yield by process optimization. The
process with optimized fermentation conditions can then be
used for scaling up to the pilot scale.
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